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COVER: Beginning with this issue, the Technical News Bulletin will feature a 
different picture on the cover each month. This, and other changes in the formats 


are designed to make the magazine more useful to the readers. The cover picture 
this month shows a plasma are at 15,000° K. An article describing the Bureau’s 
special research program in plasma and astrophysics begins on the opposite page. 


To MEET the rapidly increasing needs of the 
space sciences and the military for basic data 
on the behavior of hot gases and plasmas, the 
Bureau has established a special research program 
to unify and strengthen its activities in these 
areas.! This work includes many long-standing 
Bureau programs, such as investigations of iono- 
spheric and solar phenomena, research on atomic 
properties and high-temperature gases, and 
studies of radio wave propagation in plasmas. 
In this way the Bureau hopes to provide a 
much-needed basis for “cross-fertilizing” on a 
national scale a number of specialized fields in 
very-high-temperature physics and _ laboratory 
astrophysics. Disciplines brought to bear in this 
broad program are gaseous electronics, astro- 
physics, atomic physics, microwave physics, spec- 
troscopy, statistical mechanics, chemical physics, 
and hydromagnetics. 

Plasmas—significantly ionized gases—are often 
difficult to characterize. For example, plasmas 
of practical interest are frequently so far from 
equilibrium that a single temperature-parameter 
cannot be used to describe the state of the gas. 
Other quantities, such as pressure, density, and 
electrical conductivity, are often ill-defined when 
the gas departs from local thermodynamic equi- 
librium (LTE). The only means of character- 
izing such a plasma is to determine a large number 
of collective and atomic properties. 

In its unified approach to the subject, the 
Bureau has planned a long-range experimental 
and theoretical program, which will develop the 
necessary measurement standards, basic data, 
theoretical guidance, and interpretative tech- 
niques for determining the relevant. properties of 
hot gases. This program necessarily cuts across 
broad areas of research, and includes efforts by 
the Bureau’s laboratories in both Washington and 
Boulder, Colo. In Washington, investigations 
are being conducted in spectroscopy, atomic phys- 
ics, chemical kinetics, thermodynamics, statistical 
mechanics, and high-temperature measurements, 
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PLASMA AND 
ASTROPHYSICS 
- RESEARCH 


to provide accurate data 
on hot, ionized gases 


A. T. Hattenburg images the Bureau’s 15,000° K plasma 
arc on a spectrograph. This high-temperature arc is both 
stable and reproducible and shows promise as an 
optically thin standard source. 


while the Boulder Laboratories are concentrating 
primarily on theoretical astrophysics, atmos- 
pheric research, plasma dynamics, and micro- 
wave diagnostics. However, because the various 
aspects of these studies are so intimately con- 
nected, even the geographical division fails to 
create any real distinction between the different 
phases of plasma research. This was clearly 
demonstrated at. a recent Bureau-wide conference 
on the plasma physics and laboratory astrophys- 
ics work. In a discussion of the spectroscopic 
aspects of the program, contributions came from 
representatives of the heat, atomic physics, radio, 
free radicals, and thermodynamics laboratories as 
well as from members of the spectroscopy group. 

To reflect the essential unity of the program, 
and at the same time to allow enough separation 
for discussion, the work is presented here under 
eight broad headings. The first three areas to be 
discussed—atomic energy level investigations, 
studies of transition probabilities, and work on 
collision cross sections—are part of the Bureau’s 
program to provide the atomic properties which 
are needed to predict the behavior of hot gases. 
The next three sections treat high-temperature 
measurements, statistical mechanics, and thermo- 
dynamics—all part of the effort to characterize 
plasmas accurately. The seventh section describes 
some of the microwave diagnostic techniques that. 
are being developed to provide a physical under- 
standing of plasma configurations. Theoretical 
work on the physics of stellar and planetary at- 
mospheres, which provide convenient and impor- 
tant examples of non-LTE high-temperature 
gases, is treated in the final section. 


Energy Levels 


Analysis of the light emitted by atoms or ions 
provides one of the most accurate methods for 
obtaining detailed information on atomic struc- 
ture and the state of excitation of a high-tempera- 
ture gas. For over 40 years the Bureau has been 
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engaged in observing and analyzing spectra, and 
to date has published the known energy levels 
for the spectra of the elements from 1 to 89, ex- 
cept the rare earths. As rare earths are becoming 
increasingly important, in astrophysics and cos- 
mology, .every effort is being made to provide 
accurate descriptions and interpretations of the 
characteristic spectra of these elements. The rare 
earth spectra offer one of the most challenging 
problems in spectroscopy today. Second spectra 
of this group have received the most attention but 
most of these are incompletely known. 

Plasma research in the million-degree tempera- 
ture range involves highly ionized atoms, and cre- 
ates a persistent demand for new knowledge of 
their spectra. At present there is an urgent need 
for improved laboratory observations of spectra 
of the higher ions of the lighter elements. The 
existing solar spectra in the vacuum ultraviolet 
obtained with rockets emphasize this need. Stud- 
ies of the third spectra of the alkaline earths, and 
fourth spectra from calcium through nickel are 
seriously needed. 

The most reliable values of ionization potentials 
are obtained from long series observed in optical 
spectra. For spectra of higher ionization, the 
series lines lie in the vacuum ultraviolet region, 
where improved standards and precise wave- 
lengths are required. To remedy this situation, 
the Bureau is expanding work in the vacuum 
ultraviolet, and is designing a 35-ft vacuum spec- 
trograph to carry on high-resolution spectroscopy 
in the vacuum region. This instrument will be 
of great assistance in improving the general state 
of knowledge of ionization potentials. 

In an effort to study high-ionization spectra of 
astrophysical interest, work is being carried out 
on the extrapolation of data along isoelectronic 
sequences. The Bureau is also providing data on 


the binding energies of negative ions from studies 
of the thresholds for continuous absorption of the 
ions. 


Transition Probabilities 


A knowledge of the absolute values of the opti- 
cal transition probabilities is essential for experi- 
mental and theoretical studies of equilibrium and 
nonequilibrium hot gases. Although there is a 
fairly large body of experimental data dealing 
with relative transition probabilities, most of these 
results are of uncertain accuracy. Furthermore, 
measurements are for the most part restricted to 
spectral lines of low excitation potentials and theo- 
retical methods of calculation are rarely accurate 
to better than 20 or 30 percent. ‘Thus astro- 
physicists and plasma physicists are at present 
seriously handicapped by the lack of reliable data. 
In view of this situation, the Bureau has initiated 
a project to determine absolute atomic transition 
probabilities (oscillator strengths) for the more 
important lines in the atomic spectra of most of 
the elements. These transition probabilities are 
to be determined on an absolute basis to as high 
an accuracy as possible. 

Two groups in the Bureau are working on the 
development of a “thermal” light source for the 
measurement of transition probabilities between 
excited states. If such a light source is sufficiently 
near to LTE, and if the gases are mixed suffi- 
ciently, the local temperature can be determined 
from a trace gas with known oscillator strengths. 
The calculation of the transition probabilities of 
the major constituent then becomes possible. 


Cross Sections 


The cross sections for many collision processes 
must be known if the state of a gas is to be de- 
termined in the absence of LTE. A wide range of 
information is needed about the absolute cross 
sections for simple collisional processes—such as 
a spectral excitation and ionization by electron, 
ion, and atom impact—as well as about the cross 
sections for many nonradiative processes—such as 
elastic scattering, charge transfer, dissociative 


Left: As part of the plasma research underway at the NBS Boulder Laboratories, D. 
Jones inserts a thin wire between the electrodes of an exploding-wire shock wave 
apparatus. Below: Discharge of the exploding wire. At left of photo is a dual frequency 
microwave horn; at right a vacuum pump. Cylindrical shock waves generated by this 
technique are studied to provide data needed for plasma and astrophysics. 


Equipment especially 
designed for crossed 
ion-electron beam ex- 
periments and photode- 
tachment work. Right: 
M. L. Seman inserts a 
filter in the path of a 
photon beam which is to 
interact with negative 
ions (traveling at right 
angles to the photon 
beam) in the lighted 
chamber at left. Left: 
Close-up of the crossed- 
beam chamber. 


recombination, and associative detachment. It is 
particularly important to develop theoretical tools 
for the réhable prediction of these quantities so 
that astrophysical situations that cannot be 
duplicated in the laboratory may be investigated. 
The Bureau is therefore emphasizing experi- 
ments that will increase theoretical understanding. 
While all the elements are relevant to the pro- 
gram, special attention is being given to hydrogen, 
helium, carbon, nitrogen, oxygen, iron, and the 
light metals because of their high abundance and 
theoretical importance. An important part of 
this work is the measurement and calculation of 
cross sections for atomic collisions such as electron 
scattering by hydrogen atoms and the photo- 
detachment of electrons from negative hydrogen 
ions. Properties of negative ions such as are 
present in the upper atmosphere are also under 
study. Ions of hydrogen, oxygen, and sulfur have 
been investigated in the visible and infrared, and 
a specialized monochromator now under construc- 
tion will extend studies into the ultraviolet. 
Calculations of the photoionization cross sec- 
tions for heavy atoms are under way and mass 
spectrometry studies are planned for testing the 
calculated shapes experimentally. The mass spec- 
troscopists have also investigated the threshold 
behavior of ionization by electron impact. 


High-Temperature Measurements 


The objective of the Bureau’s extensive tem- 
perature measurement activity is not only to de- 
velop accurate and precise methods of measuring 
temperature, but also to arrive at a meaningful 
substitute for temperature when LTE does not 
exist. 

A great deal of research has been done to pro- 
duce a high-temperature source which is both sta- 
ble and reproducible. A high-current density arc 
with a number of new features has been con- 
structed and tested up to 15,000° K. This arc 
appears to be promising as a standard, optically 
thin, high-temperature source. Temperatures in 
this are are being determined by the measurement 
of absolute and relative intensity and shape of 
spectral lines. Since accurate theoretical data are 
available only for atomic hydrogen and helium, 
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the Bureau is investigating the use of these gases 
as thermometric indicators in the are. 

To provide a more general characterization of a 
hot gas or plasma, the Bureau is studying depar- 
tures from LTE in low-pressure arcs as a function 


of pressure and electron density. In addition 
studies are being conducted of the vibrational re- 
laxation which gaseous diatomic molecules under- 
go behind a shock wave. Accurate measurements 
have also been made of the exchange of rotational 
and translational energy between excited mole- 
cules not in equilibrium. “Temperature” determi- 
nations based on such studies have already proved 
useful below 5,000° K—such as in studies of 
flames. 


Statistical Mechanics 


The experimental work on essential plasma 
properties is complemented by a theoretical pro- 
gram devoted to the application of nonequilibrium 
statistical mechanics to hot gases. Particularly 
important are efforts to calculate the transport 
properties of plasmas. This work has two aspects. 
The first is the investigation of the fundamental 
kinetic equation of plasmas whose form and na- 
ture are not yet completely understood. The sec- 
ond is the application of the equation to simplified 
plasma models. 

Although the Bureau has only recently em- 
ployed such theoretical methods for describing 
plasmas, progress has already been made in com- 
puting the transport properties of hot gases. At 
the request of the Air Force, the transport and 
thermodynamic properties of air at high tempera- 
ture has received special emphasis because of their 
importance in high-speed aerodynamics. 
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W. H. Swindell of the atomic physics laboratory wires 
equipment for ion mobility studies to provide cross-sec- 
tion data for plasma physics. At left is part of a high- 
vacuum system constructed especially for this work. 


The presence of local electric fields in fully ion- 
ized gases is the cause of the specific properties 
which the term plasma describes. When mag- 
netic fields are also present, these properties form 
the subject for the relatively new, rapidly grow- 
ing field of hydromagnetics. <A ‘study and eri- 
tique of theories being proposed to describe mag- 
netofluid-dynamical behavior form a basic segment 
of the statistical mechanics effort.’ 

Future studies will include the development of 
a kinetic equation of a partially ionized gas which 
will take into account both the short- and long- 
range features of the interparticle forces. The 
effect of fluctuations and turbulence on gross prop- 
erties of plasmas such as microwave response will 
also be investigated. 


Thermodynamics 


Thermodynamic data are urgently required for 
ionized plasmas over the range of 10,000° to 
10,000,000° K. However, at present there are 
virtually no experimental data of state above 
1,000° K and theoretical calculations remain 
approximate and unsubstantiated. 

The Bureau is attacking this problem from 
several approaches. It has under construction a 
plasma generator and equipment for measuring 
various properties of plasmas. Immediate ob- 
jectives are to determine the thermal conductivi- 
ties of hydrogen and helium in shock waves 
between 10,000° and 50,000° K. 

The equation of state of air in a high-tempera- 
ture, high-pressure shock tube is being studied. 
Efforts are under way to make precise measure- 
ments of shock velocity, density, and pressure. 

Automatic computing techniques for the tedi- 
ous calculations involved in thermodynamics are 
formulated as part of this general effort.’ Ideal 
gas approximations are available for atmospheric 
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gases up to 25,000° K and real gas corrections are 
being computed. The equations of state of very 
dense gases at high temperature are also being 
given theoretical treatment. 


Microwave Diagnostics 


Because of the continuing interest of the Boul- 
der Laboratories in the relationship of such 
natural plasmas as the ionosphere, the exosphere, 
and the solar atmosphere to radio propagation, 
an experimental program on the electromagnetic 
aspects of plasma physics grew naturally out of | 
existing research. This work has been primarily 
concerned with those properties of ionized gases 
which are particularly important to electromag- 
netic wave propagation. These properties include 
electron density, ion density, electron and ion 
gyrofrequency, collision number, and temperature. 

In applying the techniques of radio propaga- 
tion to this more specialized research, a team of 
Bureau scientists was sent to Harwell, England, 
to conduct studies with ZETA, the British thermo- 
nuclear device. Results established the applicabil- 
ity of a new method developed by the Bureau. 
This method, which exploits the “whistler mode” 
of propagation encountered in the presence of a 
magnetic field, can be used to measure the electron 
density and temperature, the magnetic field and 
its direction, and the variations of these quantities 
with time. The great advantage of this particular 
technique is that it does not limit experiments to 
the millimeter portion of the microwave spectrum 
as has previously been the case. Using ZETA, 
the Bureau observed propagation in ie whistler 
mode near 3,000 Mc over paths up to 125 cm. 

Laboratory studies of hot dense plasmas pro- 
duced by shock waves have also been carried out at 
Boulder. Cerenkov radiation emitted by a shock 
wave upon interaction with fast particles 1 1s being 
studied, and the shock wave itself is being in- 
vestigated through observations of the Doppler 
shift that reflected microwave radiation under- 
goes. 


Stellar and Planetary Atmospheres 


Historically the most thorouglily studied high- 
temperature gas has been the atmosphere of the 
sun. For decades, scientists studying stellar at- 
mospheres have employed spectroscopy in an effort 
to deduce the full structure of the sun’s atmos- 
phere. They have had to work without a prior 
knowledge of the chemical composition, pressure 
and temperature gradients, or the degree of ap- 
proach to local thermodynamic equilibrium at 
each level in the atmosphere. 

As these same problems arise, in varying de- 
grees, in laboratory plasma spectroscopy, much of 
the theoretical work on radiation transfer in gases 
has adopted an astrophysical approach, The 
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work in theoretical astrophysics emphasizes the 
fundamental physics of the problem, particularly 
in its attempt to treat quantitatively the problem 
of energy transfer in gases which depart from 
LTE. 

Of special interest is the analysis of the emission 
lines from the solar chromosphere. Besides pro- 
viding an excellent test of the non-LTE theory 
for spectra of hot gases, the chromospheric emis- 
sions are of additional interest to the Boulder Lab- 
oratories because of their practical effect on the 
earth’s ionosphere. 

The Bureau’s main interest in planetary at- 
mospheres is in the areas of radio communications 
and ionospheric physics. The earth’s ionosphere 
is an example of a very weakly ionized plasma in 
a state departing very far from equilibrium, An 
adequate theoretical understanding of this state 
requires knowledge of a very large variety of col- 


lision cross sections, photochemical reaction rates, 
and atomic and molecular transition probabilities, 
just as in the astrophysical field. 

Theoretical work in the Bureau’s Central Radio 
Propagation Laboratory is devoted to the study of 
plasma physics phenomena in the exosphere and 
the #2 region of the ionosphere and to the in- 
vestigation of airglow and special ionosphéric dis- 
turbances caused by particle emission from the 
sun. Such analyses are providing much useful 
information about the physics of laboratory 


plasmas in similar states. 


*Measurements and standards in plasma- and 
astrophysics at the National Bureau of Standards, 
NBS Tech. Note (to be published). 

* Mathematical studies in plasma physics, NBS 
Tech. News Bul. 44, 24 (1960). 

7 OMNIFORM I—a general purpose program for 
high-speed computers, NBS Tech. News Bul. 41, 8 
(1960). 


Improved Method for Measuring 


Abrasion Resistance of Coatings 


HE Bureau has made a number of improve- 

ments in its abrasive jet method for measur- 
ing the abrasion resistance of protective coatings. 
These improvements’ have resulted from con- 
tinued studies by A. G. Roberts, who originally 
developed the method in 1955. The changes have 
not altered the basic manner of operation but 
have significantly increased the speed, ease, and 
precision of the measurements. 

In the basic method,? pressurized gas propels 
an abrasive powder from a vibrating storage 
chamber through a nozzle onto the test specimen. 
Abrasive flow, pressure, distance, and angle are 
all closely controlled. Abrasion resistance is 
measured by the time required to abrade through 
the coating and is expressed in terms of a unit 
thickness. The first show of bare substrate is the 
end point and is clearly detected by an abrupt 
change in color or gloss. The high speed of the 
particles in the abrasive jet provides a rapid rate 
of abrasion that permits most coatings to be 
tested in a matter of seconds. The abrading con- 
ditions can be varied over a wide range to permit 
the testing of virtually any type of coating. 

The small scale of operation obtained with the 
equipment allows the economical use of continu- 
ally fresh abrasive as well as a large number of 
replicate tests on a single specimen. Thus the 
use of a reference panel for calibration and stand- 


A. G. Roberts examines a metal panel abraded in several 
tests with abrasive jet apparatus developed at the Bureau 
to evaluate protective coatings. 
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ardization purposes is feasible and has become an 
important part of the improved procedure. The 
values recorded for the reference panel also pro- 
vide a reliable means for reducing data obtained 
under different conditions to a common basis 
for comparison. The coefficient of variation for 
measurements on the reference panel is less than 
2 percent. 
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Close control of the amplitude of vibration is 
necessary to assure a uniform flow of abrasive 
and a constant rate of abrasion. Recent studies 
have shown that the amplitude of vibration 
changes with the gradual drop in the level of 
abrasive as operation continues, because of a shift 
in the center of gravity of the electromechanical 
vibrator system. Since the change is gradual, it 
can be compensated by periodic readjustment of 
the regulated line voltage applied to the vibrator, 
in order to maintain the standard abrasion rate 
on the reference panel. Undesirable turbulence 
and interference effects in the abrasive storage 
chamber have been minimized by redesigning the 
chamber so that the abrasive particles sift into 
and are propelled along a straight tube instead 
of through a circular chamber. Use of a more 
free-flowing abrasive (aluminum oxide) than 
was formerly employed also has improved the 
uniformity of operation. 

New devices for setting and adjusting nozzle- 
to-coating distance have been added with which 
distance 1s quickly and easily set to within 0.002 
in. Several subtle sources of error in the origi- 
nal method have been identified and eliminated. 
Practical operating limits have been established 
within which good precision can be expected over 
a wide range of test conditions. 


Studies have shown that the method is not lim- 
ited to the organic coating materials for which 
it was originally designed. It is also applicable 
to ceramic, porcelain, and anodic coatings, as 
well as films and tapes when attached to a rigid 
substrate. Sheet metal of aluminum, brass, or 
steel may also be tested; their rates of abrasion 
are of the same order of magnitude as those of 
the more resistant types of organic coatings. A 
good qualitative correlation has been observed 
between test results and the service performance 
of protective coatings applied to military aircraft. 

The speed and simplicity with which the meas- 
urements are made, the reproducibility of results, 
and the opportunity for calibration and stand- 
ardization afforded by employing a practical ref- 
erence panel are features of the improved method 
that offer a promise of considerable usefulness in 
the field of abrasion testing. 


* For further details, see Improved NBS abrasive 
jet method for measuring abrasion resistance of 
coatings, by A. G. Roberts, ASTM Bul. No. 244, 
48 (1960). 

* Abrasive jet method for measuring resistance 
of organic coatings, by A. G. Roberts, W. A. Crouse, 
and R. 8S. Pizer, ASTM Bul. No. 208, 36 (1955); 
and NBS Tech. News Bul. 39, 33 (1955). Apparatus 
for measuring abrasion resistance, U.S. Patent No. 
2,907,200, Oct. 1959. 


Experimental Timing Code Added to 
WWYV Broadcasts 


N EXPERIMENTAL timing code has re- 
cently been added to the regular broadcasts 
of the Bureau’s radio station WWYV. This code 
provides a standardized timing basis for use when 
scientific observations are made simultaneously 
at- widely separated locations. For instance, to 
analyze the information from a satellite or to 
track its position requires that radio signals re- 
ceived by a tracking station be identified by the 
time and date of the observation. The code des- 
ignates the day, hour, minute, and second (Uni- 
versal Time) and will indicate the broadcast 
accuracy (at the WWV transmitter) within one 
thousandth of a second. 

This experimental! code and broadcast were de- 
veloped by a number of organizations and indi- 
viduals, including the Inter-Range Instrumenta- 
tion Group, the National Aeronautics and Space 
Administration, Convair Astronautics, and NBS. 
The new time-code generator that pulse modulates 
the WWYV signal was designed and built by the 
Electronic Engineering Company of California. 
The experimental broadcast is being monitored 
and controlled by the Radio Broadcast. Services 
Section of the NBS Boulder Laboratories. 

As the code is experimental, the details of its 
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transmission are subject to change. Currently, 
however, the code is broadcast for 1-min intervals, 
10 times per hour. It immediately follows the 
standard audiofrequencies of 440 cps and 600 cps 
except at the beginning of each hour. The stand- 
ard frequencies are given alternately as before 
but their duration, when the code is given, is 2 
min instead of 3 min. 

The code is a 36-bit, 100-pulse-per-second, 
binary-coded system. A complete time frame is 
1 sec. Nine binary groups per second appear in 
the following order: 2 groups for seconds, 2 
groups for minutes, 2 groups for hours, and 3 
groups for day of year. 

The binary groups follow the 1 sec or time- 
frame reference marker. The least significant 
binary group and the least significant bi- 
nary digit in each group appear first. Thus it 
is necessary to read only as much of the code as 
desired and the rest can be ignored. “On time” 
(the exact point of time being indicated) occurs 
at the leading edge of all pulses. 

A coded reference marker is being used instead 
of an extra wide reference marker as it requires 
pulses of only two different widths and thus sim- 
plifies the circuit logic for machine translation. 
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The pulse width ratio of 3 to 1 provides a good 
tolerance margin when less than ideal timing sig- 
nals are being processed. 

The experimental code also contains blank 
spaces which may be used to transmit additional 
types of information in the future. 


Time Code on WWV 
(Experimental) 


1. National Bureau of Standards radio station 
WWYV is now broadcasting an experimental 
time code of 36 bits at 100 pulse per second 
(PPS) on 2.5, 5, 10, 15, 20, and 25 Mc. 

2. The code is broadcast for 1-min intervals and 
10 times per hour. Except at the beginning 
of each hour, it immediately follows the 
standard audiofrequencies of 440 cps and 
600 cps. The latter frequencies are given 
alternately as before except the duration is 
2 min instead of 3 min when the code is 
given, 

3. The code contains time of year information 
(UT) in seconds, minutes, hours, and day 
of year. 

4. The code is binary coded decimal (BCD) con- 
sisting of nine binary groups each second 
in the following order: 2 groups for seconds, 
2 groups for minutes, 2 groups for hours, 
and 3 groups for day of year. Code digit 
weighting is 1-2-4-8 for each BCD group 
multiphed by 1, 10, or 100 as the case may 
be. 

5. A complete time frame is | sec. 

6. The least significant binary group and the 
least significant binary digit in each group 
occurs first. The binary groups follow the 
one second or time frame reference marker. 


10. 


EL: 


12. 


13. 


14. 


TIME FRAME (ONE SECOND) 


. “On time” occurs at the leading edge of all 


pulses. 


. The code contains 0.1-sec. index markers and 


a 1/sec time-frame reference marker in ad- 
dition to the 100/sec clocking rate of the 
code pulses. , The 1,000-cps carrier is syn- 
chronized to the code pulses so that muilli- 
second resolution is easily obtained, 

The 0.1-sec index markers consist of “1” pulses 
preceding each code group except at the be- 
ginning of the time frame where it is a “0” 
pulse. 

The 1-sec reference marker is made up of five 
“1” pulses followed by a “0” pulse. The 
timing frame begins at the leading edge 
of the “0” pulse. 

The code is a spaced code format, that is, a 
binary group (BCD) follows each 0.1-sec 
index marker. The last index marker is fol- 
lowed by an unused four-bit group of “0” 
pulses just preceding the 1-sec time-frame 
reference marker. 

The unused four-bit group may be used in the 
future to transmit other types of coded in- 
formation, such as the last digit of the year, 
station number, etc. 

Width coding : “0” pulse, 2 m wide (2 cycles of 
1,000 eps) ; “1” pulse, 6 m wide (6 cycles of 
1,000 cps). The time code is amplitude 
modulated on a 1,000-cps carrier. The car- 
rier 1s coherent with the time code so that 
the leading edges of the time code pulses 
coincide with a positive going zero axis 
crossing of the carrier, 

The code is being transmitted on a 1,000-cps 
carrier as shown in a (see below). Time 
allotted to the code, on WWY, is shown 
in b. 


Ee aha 


100 PPS CODE (EXPANDED TIME SCALE) | 


"9" PULSE "1" PULSE 
(2 MS) (6 MS) 
1Oo MS 


a 
36 BINARY DIGIT, 100 PPS CODE (1000 CPS CARRIER) 
(WITHOUT 100 PPS INDEX MARKERS} 
= TIME FRAME (6OMINUTES) + 
) 
| 
b 440 CPS TONE 
WWV START OF EACH HOUR 600 CPS TONE 
TIME CODE ON WWV (EXPERIMENTAL ) UZ. 36 BINARY DIGIT, 100 PPS CODE 
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Solar Flare, typical of events on sun producing geomag- 
netic storms and disturbances of the ionosphere. (Photo 
courtesy Sac Peak Observatory) 


Ape Bureau has recently increased the scope 
and reliability of its radio propagation predic- 
tion service, widely used in long-range radio com- 
munications. Practical experience with predic- 
tions over a period of years, together with a large 
volume of additional ionospheric and solar data 
obtained during the International Geophysical 
Year (IGY), has served to improve technique. 
Military and commercial users are now able to 
utilize NBS forecasts more effectively in commu- 
nications to all parts of the world. 

Much of the world’s radio transmission de- 
pends on the reflection of electromagnetic waves 
by electrons, or ions, in that part of the atmos- 
phere between 40 and 350 miles above the earth’s 
surface. The four levels of the ionosphere, D, 
EH, F1, and F2, are not, however, sharply de- 
fined. They should not be thought of as distinct 
bands, but rather as amorphous groupings of par- 
ticles, somewhat. like sponges. These layers are 
differentiated by such characteristics as height, 
density, and critical frequency (the highest. fre- 
quency transmissions normally reflected by that 
level), and act very much like mirrors, reflecting 
high-frequency radio waves back toward the 
earth. By alternate reflection from the iono- 
sphere and the earth’s surface, radio signals in the 
range between 3 and 30 Mc can be transmitted 
over distances up to 4,000 km. The Z#- and F- 
regions are the most important to long-distance 
communication. 

Information about the constantly changing 
ionosphere is collected and analyzed by the Bu- 
reau’s Central Radio Propagation Laboratory 
(CRPL) at Boulder, Colo. CRPL uses these 
data to predict optimum frequencies for communi- 
cation between any two points in the world, based 
on vertical incidence soundings, for one-hop, 72 
transmissions for average layer height for a 4,000- 
km distance over a great circle path. Predictions 
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Recent Improvements in 


Radio Propag. 


are published monthly as the CRPL-D series, 
and forecast for three months subsequent to 
publication.? 

The characteristics of the ionosphere vary with 
geographic location. They also change with the 
season and with the sunspot cycle. Various fac- 
tors responsible for the changes are not independ- 
ent in their effects. There are also random fluc- 
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tuations that are not yet completely explained. 
Thus, the variations of the ionosphere present a 
complicated geophysical phenomenon whose prin- 
ciples need to be well understood to achieve the 
best use of radio communications. To increase 
this understanding and to improve the predic- 
tions, the ionosphere was intensively studied dur- 
ing the International Geophysical Year. 
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A typical practical problem of radio communi- 
cation may involve selecting a suitable frequency 
for use over a given path at a given time, within 
the limitations of the transmitting and receiving 
equipment. The frequency must be low enough 
to be reflected from the upper layers of the iono- 
sphere to the receiving site; if too high a fre- 
quency is chosen, the signal will penetrate the 
ionosphere and be lost. Conversely, if too low 
a frequency is chosen, it will be largely absorbed 
in passing through the D-region of the ionosphere 
and will require excessive radiated power for 
satisfactory reception. Under certain conditions, 
this selection is easily accomplished; under 
other circumstances, no practical radio communi- 
cation can be established. Consideration must 
also be given to the local conditions at the trans- 
mitting and at the receiving sites, as well as to 
limitations imposed by radio noise, fading, or 
interference. Effective use of the Bureau’s propa- 
gation predictions aids greatly in establishing 
successful communications and in making efficient 
use of the radio spectrum. 


International Geophysical Year 


When the Bureau began the monthly predic- 
tions in 1942, they were based on information 
from only three vertical incidence ionospheric 
sounding stations. Since then, data available for 
analysis have increased vastly. Values were re- 
corded by approximately 50 stations at the end 
of World War II, by 78 stations at the beginning 
of IGY, and by 161 stations during IGY. 

Before IGY, there were limited ionospheric 
data from South America, Africa, and Antarctica. 
To make predictions for these areas, in addition 
to the minimal direct data, data from the northern 
hemisphere were appled to conjugate points in 
the southern hemisphere for corresponding sea- 
sons of the year. Increased geographical cover- 
age has resulted in more accurate predictions, as 
the need for interpolation and extrapolation of 
data has been greatly reduced. At present, it is 
possible to use data from the stations currently 
in operation in the antarctic to add to our know]- 
edge of the northern polar regions. 
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Not only were there a larger number of stations 
than ever before during IGY but more intensive 
data have been obtained at many stations which 
were active for longer periods of time. With 
such stations, the additional time coverage (21% 
years, counting International Geophysical Co- 
operation 1959) has proved invaluable. 

A further result of the increase in worldwide 
coverage has been the addition of two charts, 
covering an additional zone, to the monthly 
propagation predictions. The world map is now 
divided into four instead of three zones as before. 
The zones are centered approximately on the 
meridians 75° West, 20° East, 110° East, and 160° 
West, beginning with predictions for December 
1958. This greater accuracy, taking into account 
longitudinal variations of critical frequency, was 
made possible largely by the increased number 
of stations reporting from Africa. 


Sunspots 


Sunspots strongly influence the ionosphere, and 
consequently affect terrestrial radio communica- 
tions. Therefore, the International Geophysical 
Year was planned to take place during a period 
of intense solar activity to maximize the oppor- 
tunity for studying sunspot effects. The 18 
months beginning July 1957 turned out to be a 
fortunate choice. Not only did the current sun- 
spot cycle reach its maximum in March 1958, but 
the maximum sunspot. number of 201 for the 12- 
month running average exceeded by over 40 
points the highest known previous maximum, 
occurring in the late 1770’s. The average of the 
maxima of the previous recorded cycles was less 
than 100. 

CRPL predictions are based on the assumption 
that there is a linear relationship between sunspot 
number and the critical frequency at which radio 
waves at vertical incidence just begin to penetrate 
the 72 layer of the ionosphere. However, it was 
suspected, from limited evidence obtained during 
two previous sunspot maxima, 1937 and 1947, that 
the relationship would cease to be linear when the 
sunspot number rose high enough. That is, the 
ionization of the ionosphere would increase to sat- 
uration, and its maximum ion concentration 
would not change appreciably thereafter. There- 
fore, the number 150, which seemed to correlate 
with the saturated condition, was taken as the 
highest sunspot. number in making predictions 
over the period 1956-1959, even though the actual 
number was higher at times. Subsequent com- 


Top: Dale Reed takes readings on the operation of a C-4 
vertical ionosonde. Center: Representation of iono- 
sphere and pulse-sounding technique of vertical iono- 
sonde.. Bottom: Schematic representation of typical 
ionogram. 
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parisons of observed data with predictions showed 
that this choice had been correct. Statistical 
analysis of critical frequencies and sunspot num- 
ber during this period gave further theoretical 
confirmation to the assumption. 

During this period, maximum usable frequen- 
cies rose high enough to create many problems of 
interference, particularly on mobile communica- 
tion circuits and on forward-scatter transmission 
in the 25- to 60-Mc range. One example was 
interference received by an oil company walkie- 
talkie in Texas from:a police network in Rhode 
Island. This type of interference was most prev- 
alent during daylight hours in the fall and 
winter. 

Although the sunspot cycle had started to de- 
cline by the fall of 1958, the sunspot number was 
still well above all previous maxima. 
ence was expected to be less, but it was worse at 
this time than for any other period during the 
years 1956-1958. This excessive interference is 
attributed to the fact that the period from Sep- 
tember 1958 through January 1959 was unusually 
free from ionospheric disturbances, which tend to 
lower critical frequencies. Magnetic disturbances 
seem to lag from 1 to 3 years behind the peak of 
solar activity. The increasing number of dis- 
turbed periods in the late summer of 1959 was 
therefore an indication that the solar activity 
cycle was definitely past its peak. However, dur- 
ing the first half of April 1960, the earth’s mag- 
netic field was much disturbed. 

Of great value to future prediction techniques 
would be another comprehensive study at vertical 
incidence during the next sunspot minimum, 
which will probably occur some time between 1965 
and 1967. If such an effort can be made, only a 
minimum number of ionospheric sounding sta- 
tions need be operated thereafter on a routine 
basis, and except for a few monitored ones, verti- 
cal sounding operations would only be needed for 
basic research purposes. 


Experience With Predictions 


In general, reports on the practical application 
of the predictions indicate that they have been 
somewhat conservative. Experience has shown 
that combinations of modes of propagation often 
occur giving longer path lengths, higher usable 
frequencies, and longer periods of satisfactory 
propagation. Since the predictions are limited in 
application to ionospheric propagation modes, the 
highest circuit efficiency is frequently a question 
of application rather than of the accuracy of the 


Radio propagation research data are presented in several 
series of NBS-CRPL publications. 
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Interfer- . 


predictions themselves. For example, frequency 
usage on a North Atlantic circuit is often contin- 
ued 1 or 2 hours past sunset, longer than would 
be expected from a study of the ionization over the 
great circle path. Because of continued ioniza- 
tion to the south ef the path, reflection of the 
transmitted waves will continue many minutes 
after the ionization on the direct path has dimin- 
ished to a level too low for communication 
purposes. 

Furthermore, the type of transmitting antenna 
also influences the possible use made of the predic- 
tions. The reception from an omnidirectional 
antenna, such as is used by NBS radio station 
WWY, often results in the use of higher frequen- 
cies than might be expected. For instance, during 
periods when WWV might not be expected to be 
received in Ottawa, Canada, on a frequency 
greater than 5 Mc, it is often heard up to 20 Me. 
The explanation is that energy from the WWV 
transmitter is reflected from the ionosphere in all 
directions; it is then reflected from the ground 
back to the ionosphere and after another reflection 
downward received at Ottawa. This form of 
backscatter can effectively increase transmission 
distances by several thousand kilometers, making 
reception at the higher frequencies possible. 

The many studies completed at various iono- 
spheric phenomena and their variations with time, 
season, and solar activity afford an explanation of 
the successful extension of NBS predictions in 
actual communications. The facts derived from 
applications may explain why median maximum 
usable frequency may be a better estimate of opti- 
mum frequency on a given path than a percentage 
reduction figure derived from maximum usable 
frequency. 


*CRPL-D Series, Basic radio propagation predic- 
tions, available from the Superintendent of Docu- 
ments, U.S. Government Printing Office, Washing- 
ton 25, D.C. Annual subscription: $1.50. 

2 Use of the monthly predictions is explained in 
NBS Cir. 462, Ionospheric radio propagation, avail- 
able from the above source. Price: $1.25. 
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HE BUREAU is now broadcasting a stand- 
ard of radiofrequency from a new station In 
the Rocky Mountains at the very low frequency 


of 20 ke. Broadcasting began April 5 from Sun- 
set Canyon, about 20 miles west of Boulder, Colo. 
Within their range, these signals will substan- 
tially increase the accuracy of the NBS standard 
frequency broadcasts. 

Signals from the Sunset Canyon station (call 
letters WWVL) may reach as far as Hawali— 
perhaps even to New Zealand—but they are not 
strong enough to provide good coverage over the 
entire globe. However, WWVL is only the first 
step toward eventually providing worldwide 
broadcasts at 20 ke. 

Both time signals and the national standard 
of frequency are currently transmitted on a 
worldwide basis by the Bureau’s two shortwave 
stations, WWYV at Beltsville, Md., and WWVH 
on Maul, Hawaii. These signals are propagated 
by alternate reflections between the earth and the 
ionosphere to reach the receiver. But the height 
and density of the ionosphere change constantly 
and this creates small, erratic changes in the speed 
of the radio waves. Errors introduced by these 
changes were insignificant 10 years ago. Today, 
however, it is increasingly important to measure 
both time and frequency with greater and greater 
precision in order to coordinate the recordings of 
tracking stations for missiles and satellites, to 
measure minute quantities of electrical and radio 
energy in basic research, and to facilitate develop- 
ment in the field of electronics. 

The low-frequency waves from Sunset. Canyon 
will follow the curvature of the earth with the 
ionosphere and the ground acting as upper and 
lower limits of a gigantic duct to guide the signals 
over the globe. As the ionosphere will serve only 
as a boundary, not a direct reflector, it will have 
almost. no effect on the speed of the waves. For 
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Artist’s conception of the antenna across Sunset Canyon 
for 20-kilocycle standard frequency broadcasts from 
Station WWVL. The copper-coated steel cable weighs 
more than a ton, stretches 3,400 feet from anchor to 
anchor, 900 feet above canyon floor. 


this reason the 20-ke frequency will provide a 
much more stable transmission than the shortwave 
frequencies of WWV and WWVH. 

The Sunset station is the result of several years 
of effort and several more years will be required 
before a true global transmitter is on the air. 

Many investigations, by such men as J. A. 
Pierce at Harvard, have shown that very low 
frequencies can transmit standard signals over 
long distances wth great accuracy. A study in 
1958 by A. D. Watt and R. W. Plush of the NBS 
Boulder Laboratories indicated that the 20-ke 
frequency was the most efficient to transmit a 
standard frequency on a global basis. 

Radio waves, however, are not bound by inter- 
national boundaries and use of the different fre- 
quencies must be approved by both national and 
international organizations. In January of 1959 
the Bureau recommended that the 20-ke fre- 
quency be adopted by the U.S. group of the Inter- 
national Consultative Radio Committee (CCIR). 
CCIR adopted the proposal in April 1959 and in 
December 1959 the International Radio Confer- 
ence at Geneva, Switzerland, adopted the 20-ke 
standard frequency band for the International 
Telecommunications Union (ITU). 

In January of this year the U.S. Government’s 
Interdepartmental Radio Advisory Committee 
(IRAC) approved a Bureau application to operate 
a 20-ke standard frequency broadcast and the new 
service was registered with the ITU. This action 
automatically placed a deadline into effect as inter- 
national agreements specify that a valid registra- 
tion requires a station to be in operation within 
90 days after the application is approved. 

To meet this deadline—and to rapidly and eco- 
nomically provide a better frequency standard 
for as large an area as possible—the Bureau modi- 
fied an existing antenna in the Rocky Mountains. 
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The antenna was previously used for low-fre- 
quency ionospheric research, whistlers, and VLE 
emissions. 

Although almost every division of the Boulder 
Laboratories was involved in determining the best 
fre equency, obtaining the site, adapting existing 
transmitters to the job, and other tasks, prime re- 
sponsibility for the Sunset dev elopment rested on 
a group headed by W. D. George, W. W. Brown, 
A. H. Morgan, and D. H. Andrews. 

The antenna is a copper-coated steel cable 
stretching more than half a mile across the top of 
Sunset Canyon, more than 900 ft above the canyon 
floor. From the center of the cable another cable 
was dropped to a 20-kw transmitter at the canyon 
floor. This assembly forms a top-loaded antenna 
with the canyon walls acting as giant supports to 
hold the cables above ground. The tremendous 
size 1s necessary because of the great length of a 
20-ke radio wave (each wave is almost 10 miles 
long, whereas television waves, by comparison, 

range from about 1 to 16 ft.) 

Currently, users of WWYV can, in a few hours, 
use the shortwave signals to measure frequency to 
a few parts in 107. Users within the range of the 
WWVL Sunset station (several thousand miles) 
will be able to make measurements about a thou- 
sand times better—to 1 part in 10”. 

Initially the 20-ke signal will serve only as a 
frequency standard. Before the signal can be used 
to measure time intervals, such as a millionth of 
a second, new equipment ‘must be built that will 
modulate the signal so that a particular wave can 
be identified at both the transmitter and the re- 
ceiver. This is more difficult at very low frequen- 
cies because of the length of the waves involved. 
Research is being conducted to determine the best 
methods of cycle identification and time signal 
modulation. 

The original signal will be used primarily by 
research organizations in studies to prepare for 
the eventual worldwide transmitter. Within a 
year the Bureau plans to build a pilot station (for 
the global transmitter) on the plains of Colorado 
and to transfer the Sunset equipment to the pilot 
site. The pilot station will be much more effective 
because it will be on the plains and will also have 
higher power, but will require the building of tall 
towers to support the antennas. In addition to 
the 20-ke signal the pilot station will also transmit 
a strong 60-ke signal. 

To meet as many needs as possible for a better 
frequency standard within the United States, the 


Howard Williams, who will operate the Sunset Canyon 
transmitter, adjusts the timer which controls the once- 
every-minute broadcast of the WWVL call letters. 
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Boulder Laboratories began broadcasting experi- 
mental, low-power, 60-ke signals in 1956. Be- 
cause of their low power, these signals are not 
well received at distant points and their use is 
limited. However, more than 50 organizations, 
from coast to coast, “have been using the signals 
during the past 2 years and have obtained ‘trom 
10 to. 1,000 times better precision than they 
received from the shortwave broadcasts. Because 
of the reliability and accuracy of these signals 
some organizations have been able to cancel plans 
for installing expensive atomic frequency stand- 
ards within their own laboratories. 

Both the 60-ke signals and the shortwave 
broadcasts will continue even after the global 20- 
ke transmitter is put in operation. The global 
station will provide standard time interval and 
frequency signals which will be accurate any- 
where in the world to a few parts in 10” for 
measurements made in a short period, and will 
thus serve U.S. possessions and bases overseas. 
The 60-ke broadcast, however—when its power is 
increased—should provide even better service 
within the United States (accuracies to a part 
in 10"). It is also relatively easy to modulate 
the 60-ke signals but this frequency is too high 
to be particularly effective beyond the continental 
limits of the United States. 
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The range and accuracy of the 20- and 60-kc 
signals are critically needed by such groups as 
the U.S. Air Force; the National Aeronautics and 
Space Administration; the Atlantic, Pacific, and 
White Sands Missile Ranges; and the Smithso- 
nian Institute (for satellite tracking). The spe- 
cial receivers, however, whick are required to pick 
up these low-frequency broadcasts cost several 
thousand dollars. 

For this reason, the shortwave broadcasts of 


WWV and WWVH will always be of value. 


Norton 
Wins 
Radio 
Award 


| ae A. Norton, Chief of the Radio 
Propagation Engineering Division at the 
Bureau’s Boulder, Colo., Laboratories has received 
the 1960 Harry Diamond Memorial Award of the 
Institute of Radio Engineers, the highest award 
offered to a government employee in the field of 
radio and electronics. He was cited for “contri- 
butions to the understanding of radio wave propa- 
gation.” 

Mr. Norton was presented with the award at 
the annual convention of the Institute in March. 
The award was named for the late organizer and 
first chief of the Bureau’s Ordnance Development 
Laboratory, which is now operated by the Depart- 
ment of the Army as the Diamond Ordnance Fuze 
Laboratories. 

This is the second year in succession that a 
Bureau scientist has won the award. In 1959, 
Jack Herbstreit, Assistant Chief of the Radio 
Propagation Engineering Division, was named. 

Since he joined the Radio Section in 1929, Mr. 
Norton has been in the radio field continuously in 
various capacities. From 1934 to 1942, he was 
with the Technical Information Section of the 
Federal Communications Commission. He also 
served as consultant on radio propagation to the 
Chief Signal Officer of the Air Force and as a 
tactical counter measures analyst with the Eighth 
Air Force before rejoining the Bureau in 1946. 

During the past ten years, Mr. Norton and his 
Division have played a major role in improving 
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They require only the simplest receivers and their - 
accuracy is sufficient to meet the current needs of 
television and radio stations, electric power com- 
panies, amateurs, smaller businesses, and the 
general public. 

In fact, the WWVH broadcasts should be im- 
proved by the initial Sunset transmissions. If 
the Sunset signal extends to Hawaii, as expected, 
it will be used to control the WWVH transmis- 
sions and thus increase their accuracy from ten 
to a hundredfold. 


the use of radio for both communications and air 
navigation. The studies of the Radio Propaga- 
tion Engineering Division are intended to promote 
and facilitate the more efficient use of one of 
the country’s most precious natural resources, the 
radiofrequency spectrum. 

In 1954, Mr, Norton received the Stuart Ballan- 
tine medal from the Franklin Institute. He was 
cited for “contributions over a period of 25 years 
in the field of radio propagation, through which 
our knowledge has been considerably increased 
by his measurments; our insight broadened by his 
theoretical work; our engineering calculations 
made easier by his charts, and our broadcasting 
frequency allocations above 50 Mc established 
more efficiently through his guidance.” 

Mr. Norton was born in Rockwell City, Iowa, 
and received his B.S. in physics from the Uni- 
versity of Chicago in 1928. He has been a dele- 
gate to several international radio conferences, in- 
cluding the Provisional Frequency Board at Gen- 
eva, Switzerland, in 1948, and the High-Frequency 
Broadcasting Conference at Mexico City in 1948. 
He was vice-chairman of the U.S. delegation to 
the 1950 meetings of Study Group XI (Television 
Standards) of the International Radio Consult- 
ative Committee (OCIR). He was also a United 
States delegate to the Interim Study Group Meet- 
ings of the CCIR in 1958 and to the [Xth Plenary 
Assembly at Los Angeles in 1959. Mr. Norton 
was a delegate to the eleventh general assembly 
of URSI at The Hague, Netherlands, in 1954 and 
was chairman of the Local Arrangements Com- 
mittee for the twelfth general assembly of URSI 
held in Boulder in 1957. 

He isa fellow of the American Physical Society, 
the American Association for the Advancement of 
Science, the Institute of Radio Engineers, and 
the American Institute of Electrical Engineers; 
a member of the Scientific Research Society of 
America, the American Geophysical Union, the 
American Mathematical Society, the Institute of 
Mathematical Statistics, and the American Statis- 
tical Association. 
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Above: Section of niobium showing formation of niobium 
pentoxide globules at interface of niobium and niobium 
oxide during transition to rapid oxidation. Note partial 
disintegration of metal structure between globules. 
(X2,100) Right: As more pentoxide forms, the globules 
finally coalesce into a porous layer (1,000). 


HE OXIDATIVE behavior of niobium— 

potentially an excellent metal for structural 
applications in aircraft, nuclear reactors, and 
other high-temperature equipment—has been in- 
vestigated in detail by the Bureau for the Air 
Force Office of Scientific Research. Niobium has 
a high melting point, maintains its strength even 
at elevated temperatures, and is relatively easily 
formed and machined. In addition, it has a low 
neutron-capture cross section (1.e., probability of 
interaction with the bombarding neutrons is low). 
Unfortunately, however, the metal corrodes 
severely in air at temperatures as low as 400° C, 
so that. its usefulness in high-temperature apph- 
cations 1s severely limited at present. 

Previous investigations have shown that two 
stages of oxidation occur—formation of an initial 
surface layer of niobium oxide at a rate which 
decreases with time and then a transition to rapid 
oxidation at a constant rate. The original oxide 
layer was thought to protect the underlying 
metal temporarily from further corrosion. In an 
attempt to determine the cause of the severe ox1- 
dation, H. B. Kirkpatrick and N. J. Tighe of the 
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Because oxidation of niobium depends on grain orienta- 
tion, the niobium oxide layer will be thicker on some 
grains than on others. The thicker the oxide, the darker 
the individual grains of niobium (X 1,300). 
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Oxidation of 
NIOBIUM 


enameled metals laboratory oxidized niobium spec- 
Imens under controlled conditions in a sensitive 


vacuum microbalance. Then they examined the 
specimens after different periods of oxidation and 
found that the increase in rate of oxidation is due 
to the continued nucleation and growth of porous 
niobium pentoxide, which causes continuously 
refreshed surface of niobium metal to be exposed 
to oxygen. 


Experimental Procedure 


To determine the reaction rate, small pieces of 
the metal were reacted with oxygen in a vacuum 
microbalance in the temperature range of 336° to 
475° C. The microbalance, treated to discharge 
any static electricity which might accumulate on 
it, was placed in a glass envelope inside a tempera- 
ture-controlled plastic case. In this way, the 
temperature of the balance could be maintained 
within -£0.5° C. 

The working specimen was suspended from one 
end of the balance beam and hung within a quartz 
tube inside an electric furnace. Temperature of 
the furnace was measured by a thermocouple 
placed slightly above the specimen. To minimize 
buoyancy effects, a duplicate specimen of niobium, 
matched in weight to the nearest 0.1 mg, was hung 
from the other end of the balance beam. 

The weight gained as the metal oxidized was 
recorded at specific intervals and then plotted 
against time. The curve resulting from these 
data showed two regions of oxidation rates: first 
a portion resembling a parabola and then a 
straight line with considerably steeper slope. 
Statistical analysis of the data showed that the 
first part of the curve is best represented by a 
logarithmic form rather than the parabolic equa- 
tion frequently used in the literature. On the 
basis of this finding, doubt has been raised on 
the correctness of earlier theories on reaction 
mechanisms. 
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Initial Oxidation 


The initial low-porosity oxide formed as a sur- 
face layer of uniform thickness. When the oxi- 
dized specimens were examined microscopically, 
« marked variation in film thickness from grain 
to grain was inferred from vitriations in the inter- 
ference colors of the grains. Moreover, during 
the initial period, little or no essential change in 
the predomirant interference color produced by 
the surface oxide film was noted, indicating that 
its thickness remains approximately constant. 
However, the continuous increase in weight 
showed that oxygen was still being absorbed by 
the specimen. In addition, in this initial stage of 
the reaction the heat of activation was found to 
equal that for the diffusion of dissolved oxygen 
in niobium metal. Therefore, it was decided that 
when the superficial oxide film forms on the sur- 
face, dissolved oxygen diffuses into the metal, pre- 
sumably after passage through the surface oxide. 
This diffusion accounts for most of the weight 
gained and may be considered the rate controlling 
step of the reaction in this stage. 

The electron diffraction patterns of the oxide 
formed during the initial stage showed certain 
features of both niobium monoxide (NbO) and 
niobium dioxide (NbO,). It appears that the in- 
itial surface film of oxide consists either of a mix- 
ture of these or a new suboxide phase. 


Transition Stage 


Somewhat prior to, and during, the transition 
from the logarithmic portion of the reaction to the 
linear region of rapid oxidation, very small black 
specks appear in the surface oxide film and in- 
crease in number and size as the transition pro- 
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Niobium corrodes rapidly and severely at temperatures 
as low as 400° C. Curves show relative rates of oxidation 
at an oxygen pressure of about 3 cm. At the lower tem- 
peratures, several hundred hours are required before 
rapid oxidation occurs. 
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Nancy J. Tighe measures weight-gain of niobium speci- 
mens during oxidation. 


ceeds. After the transition to linear kinetics, 
these prevalent specks—identified from electron 
diffraction patterns as the low-temperature form 
of niobium pentoxide (Nb,O;)—completely cover 
the surface. When the specimen is viewed in sec- 
tion, these specks look like spherical globules of 
gray material lying along the metal surface and 
penetrating partly below and above it. Electron 
micrographs show that these pentoxide globules 
are initiated beneath the surface of the initial 
oxide film and push it up as they grow, forming 
little blisters on the film which grow until they 
eventually rupture when the film’s tensile limit 
is reached. As the pentoxide globules grow they 
coalesce into a continuous but rather porous look- 
ing layer which then continually increases in 
thickness. 

From reaction-rate curves plotted for the tran- 
sition region, it was found that the oxidation rate 
is apparently proportional to the amount of fresh 
metal surface exposed at the edge of the pentoxide 
globules. As these porous globules grow, more 
and more niobium is exposed to oxygen. The 
metal surface is continually exposed because the 
large volume increase which accompanies the con- 
version of niobium to its pentoxide hinders the 
formation of a stable interface between the nio- 
bium and pentoxide. Thus the reaction becomes 
a surface reaction of constant rate and rapid oxi- 
dation results. 
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